Abstract. Prostate cancer (PCa) is one of the most common types of cancer in the urinary system in men. Zeylenone (Zey), a naturally occurring cyclohexene oxide, has an anticancer effect. In the present study, the role and potential mechanism of Zey in PCa were examined. The proliferative, invasive and migratory capacities of DU145 cells were analyzed using Cell Counting Kit-8, transwell and wound healing assays, respectively. The expression levels of matrix metalloproteinase (MMP)-2 and MMP-9 were determined with an ELISA. Reverse transcription-quantitative polymerase chain reaction and western blotting assays were performed to evaluate the expression levels of extracellular matrix, epithelial-mesenchymal transition and Wnt/β-catenin pathway-associated factors. In the present study, it was observed that Zey not only suppressed the viability of DU145 cells; however, it additionally attenuated the invasive and migratory capacities of cells in a concentration-dependent manner. Treatment of Zey decreased the expression levels of MMP-2, MMP-9 and fibronectin-1; whereas, it increased tissue inhibitor of metalloproteinases-1 and collagen-1 expression levels. Additionally, the vimentin expression level was downregulated, however, the epithelial-cadherin expression level was upregulated in cells treated with Zey. Furthermore, Zey decreased the expression levels of wnt5a, β-catenin and cyclin D1. In conclusion, the present results demonstrated that Zey decreased the viability and metastasis of human PCa cells (DU145), via the Wnt/β-catenin signaling pathway. Therefore, Zey may be applied as a novel drug for treating PCa in the future.
Introduction
Prostate cancer (PCa) is one of the most common types of cancer affecting male health (1) . In recent years, the incidence of PCa in China has been increasing annually and the age of onset is becoming younger. This phenomenon may be accounted for by lifestyle, longevity, aging and diagnostic technology (2, 3) . Local invasion or distant metastasis may occur once the lesion develops to the later stages (4) . The survival rate of patients with localized PCa is ~100%, whereas, the annual survival rate of patients with distant metastasis is reduced to ~29% (5) . Therefore, it is necessary to identify a treatment to inhibit the growth and metastasis of PCa.
For decades, isolated products from plants served a pivotal role in the treatment of malignant tumors (6, 7) . Zeylenone (Zey), a naturally occurring cyclohexene oxide, is isolated from Uvaria grandiflora Roxb (8) . Though Zey exhibits strong toxicity to tumor cells, it is less toxic to normal cells (8, 9) . Previous studies have demonstrated that Zey exhibits potent activity against tumors, for example, cervical carcinoma and lung cancer (8, 10) . In cervical carcinoma, a previous study demonstrated that Zey was able to induce the apoptosis of cervical carcinoma cells (8) . Another previous study on lung cancer tumor-bearing mice observed that the Zey-loaded mice demonstrated an antitumor effect (10) . A previous study has reported that Zey had inhibitory effect on proliferation of PC-3 cells (11) . However, the role of Zey in PCa and its underlying mechanism requires further investigations.
The extracellular matrix (ECM) and epithelial-mesenchymal transition (EMT) are closely pertinent to tumor metastasis (12, 13) . The ECM is primarily composed of interstitial collagen, laminin, elastin and fibronectin. In the dynamic balance of metabolic renewal, degradation and remodeling, it maintains the microenvironment of tumor cell growth and regulates the gene expression of tumor cells in contact with it, thereby affecting the metabolism, growth and metastasis of tumors (12, 14) . The occurrence of EMT is a dynamic and multi-step process, which includes the loss of intercellular adhesion, destruction of the basement membrane and ECM, and remodeling of cytoskeleton, ultimately resulting in enhanced motility and migration of tumors (15). The Wnt/β-catenin signaling pathway is highly conserved in biological evolution and its members are highly homologous from Drosophila melanogaster to higher mammals. The pathway regulates the stability of transcription factor β-catenin and is dependent on the expression of the β-catenin gene (16, 17) . The Wnt/β-catenin signal transduction pathway is associated with human cancer. Therefore, previous studies of the pathway not only aided understanding of the mechanism of cancer; however, additionally suggested a series of novel targets for the treatment of cancer (18) (19) (20) .
In the preset study, the effect of Zey on the viability and metastasis of human PCa cell line DU145 was investigated. The present study additionally aimed to examine whether potential mechanisms are regulated by the ECM, EMT and Wnt/β-catenin pathways. The present study demonstrated the role of Zey on human PCa and its possible mechanism of action. The present study may provide a novel candidate anti-tumor agent in the treatment of PCa.
Materials and methods

Preparation of Zey. Zey was obtained from Yuanye
Bio-technology Co., Ltd. (Shanghai, China) with a purity of 98%. Zey was prepared for subsequent experiments as described previously (9) and was diluted to the desired concentrations (2.5, 5, 10, 20 and 40 µmol/l). Matrigel assay. Cells were inoculated in 6-well plates (2.5x10 4 cells/well) and subsequently cultured in an incubator for 24 h. Cells were treated with different concentrations of Zey for 48 h at 10 (Zey1), 20 (Zey2) and 40 (Zey3) µmol/l. The untreated cells served as a control. BD matrigel (Beijing Solarbio Science & Technology Co., Ltd., Shanghai, China) was filled in the upper chamber of the transwell plates at room temperature for 25 min. Subsequently, the transwell membrane was placed in the culture plate. F-12K medium was added into the upper chamber for 20 min and subsequently removed. F-12K medium with 15% FBS was added into the lower chamber for attracting cells. Subsequently, the cell suspension was cultured in the upper chamber at 37˚C for 24 h. Cells were stained with 4 g/l crystal violet (Tianjin Zhongxin Chemtech, Co., Ltd., Tianjin, China) for 15 min at room temperature and washed with PBS three times. Finally, cells were observed and images were captured using a light microscope (magnification, x400; Nikon Corporation, Tokyo, Japan). The number of invasive cells was quantified using GraphPad Prism software 6.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Wound healing assay. Cells were inoculated in 6-well plates (2.5x10 4 cells/well) and cultured in an incubator for 24 h. Cells were scratched with a 200-µl pipette tip and washed with medium three times. The cells were treated with different concentrations of Zey at 10 (Zey1), 20 (Zey2) and 40 (Zey3) µmol/l. Untreated cells served as a control. The cells were observed and imaged prior to and at 12 and 24 h post-wound assay under a light microscope (magnification, x400). Wound width was quantified using GraphPad Prism software 6.0.
ELISA. Cells were inoculated in 6-well plates (2.5x10 4 cell/well) and cultured in an incubator for 24 h. Cells were treated with different concentrations of Zey for 48 h at 10 (Zey1), 20 (Zey2) and 40 (Zey3) µmol/l. Untreated cells served as a control. Subsequently, cells were digested with 0.25% EDTA-trypsin (Beijing Solarbio Science & Technology Co., Ltd.) and centrifuged at 800 x g for 5 min at 4˚C. Following centrifugation, cells were resuspended in F-12K medium. The expression of MMP2/9 was detected using ELISA test kits (cat. nos. MMP200 and DMP900, respectively; R&D Systems, Inc., Minneapolis, MN, USA). The standard curve was plotted with standard samples. The assay diluent (50 µl) was added to each well. In total, 50 µl sample in each group was added into each well. The plates was covered with plate sealer and maintained for 2 h at room temperature. Following washing, the conjugate reagent was added into each well and the plate was placed on a shaker at room temperature for 2 h. The substrate solution was added into each well and maintained for 30 min at room temperature. Subsequently, the stop solution was used to terminate the reaction. Finally, the absorbance at 450 nm was read using a FilterMax F3/F5 microplate reader.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay. TRIzol
® reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was applied to collect total RNA. A total of 1 µg RNA was used to synthesize cDNA using an RT Master Mix kit (Takara Biotechnology Co., Ltd., Dalian, China). Reverse transcriptional reaction conditions were set at 85˚C for 15 min. SYBR Premix Taq™ II kit (Takara Biotechnology Co., Ltd.) was used to amplify cDNA. The volumes of the amplified reagent were as follows: 25 µl SYBR Green Mix; 1 µl forward/reverse primers; 4 µl cDNA; and nuclease-free H 2 O to a total volume of 50 µl. The temperature and duration of the amplification were as follows: 92˚C for 15 min, (at 92˚C for 20 sec at 65˚C for 45 sec) at 35 cycles, at 85˚C for 20 sec, at 37˚C for 2 min. All primer sequences are listed in Table I . β-actin was regarded as the internal control. The formula 2 -ΔΔCq (21) was performed to determine the gene expression levels.
Western blotting assay. Cells were lysed with radioimmunoprecipitation assay buffer (Beijing Solarbio Science & Technology Co., Ltd.). The content of protein was evaluated by a bicinchoninic protein quantification kit (Yeasen). Protein samples (25 µg per lane) were separated with 10% SDS-PAGE and subsequently transferred to a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). Subsequently, the membrane was blocked with 5% skimmed milk powder at room temperature for 1.5 h. Following blocking, the membrane was incubated with anti-matrix metalloproteinase (MMP)-2 (R&D Systems, Inc.; cat. no. IC903G-100UG; 1:1,000), anti-MMP-9 (Abcam, Cambridge, UK; cat. no. EP1254; 1:500), anti-tissue inhibitor of metalloproteinases-1 (TIMP-1; Abcam; cat. no. ab61224; 1:700), anti-vimentin (R&D Systems, Inc.; cat. no. AF2105; 1:700), anti-epithelial (E)-cadherin (R&D Systems, Inc.; cat. no. MAB1838; 1:1,000), anti-fibronectin 1 (FN1; Abcam; cat. no. ab32419; 1:800), anti-collagen-1 (Abcam; cat. no. ab90395; 1:600), anti-wnt5a (Abcam; cat. no. ab174963; 1:1,000), anti-β-catenin (R&D Systems, Inc.; cat. no. AF1329; 1:1,000), anti-cyclin D1 (R&D Systems, Inc.; cat. no. MAB4314; 1:900) and anti-β-actin (Abcam; cat. no. ab13772; 1:800) on the rocking table at 4˚C for 24 h. The membrane was subsequently incubated in corresponding horseradish peroxidase-conjugated secondary antibodies [rabbit anti-mouse immunoglobulin (Ig)G; Cell Signaling Technology, Inc., Danvers, MA, USA; cat. no. 58802; 1:8,000; mouse anti-rabbit IgG; Cell Signaling Technology, Inc.; cat. no. 5127; 1:7,000; goat anti-mouse IgG; Abcam; cat. no. ab6785; 1:7,000] at 37˚C for 1 h. The protein was visualized using an enhanced chemiluminescence detection kit (Beyotime Institute of Biotechnology). β-actin was used as an internal control. Densitometry was conducted using Quantity One software 4.21 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. Data was analyzed using GraphPad Prism software 6.0 (GraphPad Software, Inc., La Jolla, CA, USA).
The data are presented as the mean ± standard deviation from at least three independent experiments. The differences between groups were assessed by one-way analysis of variance followed by Turkey's text. P<0.05 was considered to indicate a statistically significant difference. Zey inhibits the invasive ability of DU145 cells. The Matrigel assay was conducted to study the invasive ability of Zey-treated DU145 cells. Cells were treated with Zey at 0 (control), 10 (Zey1), 20 (Zey2) and 40 (Zey3) µmol/l for 48 h. The results demonstrated that treatment with Zey decreased the number of invading cells in a dose-dependent manner, compared with the control group. The proportion of invasive cells in the Zey1 group was ~67%; whereas, in the Zey2 and Zey3 groups the proportions were ~50 and ~30%, respectively (P<0.05; Fig. 2) .
Results
Zey
Zey decreases the migratory ability of DU145 cells.
A wound-healing assay was conducted to analyze the effect of Zey on the migratory ability of DU145 cells. Cells were 
Zey regulates ECM-associated factors in DU145 cells.
To examine the expression levels of ECM-associated factors, ELISA, RT-qPCR and western blotting assays were performed. Cells were treated with Zey at 0 (control), 10 (Zey1), 20 (Zey2) and 40 (Zey3) µmol/l for 48 h. The ELISA data identified that Zey significantly decreased the expression levels of MMP-2 and MMP-9 in a concentration-dependent manner (P<0.05; Fig. 4A ). In addition, the results of RT-qPCR demonstrated that when cells were exposed to Zey (10, 20 and 40 µmol/l), the mRNA expression levels of MMP-2, MMP-9 and FN-1 significantly decreased, whereas, the expression levels of TIMP-1 and collagen-1 significantly increased (P<0.05; Fig. 4B ). As demonstrated by the western blotting assays, the protein expressions were similar to that of mRNA (P<0.05; Fig. 4C ).
Zey regulates EMT-associated factors in DU145 cells.
To investigate the expression levels of EMT-associated factors, RT-qPCR and western blot assays were performed. Cells were treated with Zey at 0 (control), 10 (Zey1), 20 (Zey2) and 40 (Zey3) µmol/l for 48 h. The RT-qPCR results demonstrated that Zey significantly decreased the mRNA expression level of vimentin; however, increased the E-cadherin mRNA expression level in a dose-dependent manner (P<0.05; Fig. 5A ). In addition, the western blotting data revealed that the protein expression of vimentin was significantly downregulated; whereas, the protein expression level of E-cadherin was upregulated in Zey-treated cells (P<0.05; Fig. 5 ).
Zey suppresses the Wnt/β-catenin signaling pathway in DU145 cells.
To further analyze whether Zey suppressed growth and metastasis by regulating the Wnt/β-catenin pathway, a western blotting assay was used to determine the protein expression levels of wnt5a, β-catenin and cyclin D1. Cells were subjected to Zey at 0 (control), 10 (Zey1), 20 (Zey2) and 40 (Zey3) µmol/l for 48 h. The data demonstrated that the expressions of wnt5a, β-catenin and cyclin D1 were significantly decreased in cells treated with Zey (P<0.05; Fig. 6 ).
Discussion
PCa is one of the most common tumors of the urinary system in men. The continuous metastasis and proliferation of PCa cells are important clinical features and a principal cause of mortality in the advanced stage of this cancer (22, 23) . It was demonstrated that Zey demonstrates cytotoxicity to tumor cells (10, 24) . Similar to previous studies (8, 9) , the present study demonstrated that Zey decreased the viability of DU145 cells. Previous studies demonstrated that Zey markedly suppresses growth and promotes apoptosis in cervical tumor cells (8, 9) . However, to the best of our knowledge, no study has investigated the role of Zey in PCa. In the present study, the effect of Zey on the metastasis of DU145 cells was analyzed. The results revealed that Zey suppressed the invasive and migratory capabilities of DU145 cells. Subsequently, the molecular mechanism of Zey inhibiting the proliferation and metastasis of PCa was further examined. It is widely accepted that the ECM may regulate the rate and direction of cell metastasis and provide 'scaffolding' for cell metastasis. By affecting the balance of ECM degradation, MMPs achieve a pathological and physiological significance (14) . In addition, FN and collagen are the primary components of the ECM. Their deregulated expression will result in increased invasiveness of breast cancer cells (25) . Furthermore, TIMP inhibits basement membrane degradation, endothelial cell formation and angiogenesis by depressing the function of MMPs, and in this way, TIMP affects the invasion and migration progress of a tumor (26) . The results of the present study demonstrated that Zey decreased the expression levels of MMP-2, MMP-9 and FN1, and promoted TIMP-1 and collagen-1 expression. Therefore, the present study demonstrated that ECM components contributed to Zey-inhibited metastasis in PCa cells.
Furthermore, EMT is dysregulated in various tumors, which affects tumor proliferation and metastasis. E-cadherin maintains intercellular connections through intracellular and extracellular adhesion (27) . Therefore, reducing the expression of E-cadherin will induce metastasis of cancer cells (28) . Additionally, vimentin is another key factor during the progression of EMT. The increased expression of vimentin attenuates the cell adhesion function, resulting in the occurrence of tumor metastasis (29) . Similar results were observed in the present study; it was demonstrated that the expression level of vimentin was downregulated; however, the E-cadherin expression level was upregulated in DU145 cells exposed to Zey, suggesting that EMT is additionally involved in Zey-inhibited metastasis in PCa cells.
Previous studies demonstrated that the Wnt/β-catenin signaling pathway is the key signal transduction pathway that induces EMT in tumor cells (30) (31) (32) . A previous study suggested that Jatrophone depresses the proliferation and metastasis of breast cancer via the inhibition of the Wnt/β-catenin signaling pathway and EMT (30) . The regulation of the Wnt/β-catenin signaling pathway is caused by the phosphorylation/degradation of β-catenin (33) . Wnt5a, one of the members of the Wnt protein family, may induce melanoma EMT and metastasis through the protein kinase C signaling pathway (34) . Therefore, it was hypothesized that the molecular mechanisms of Zey on PCa growth and metastasis were pertinent to the Wnt/β-catenin pathway. Consistent with the mentioned previous studies, the results of the present study demonstrated that Zey decreased the expression levels of Wnt5a, β-catenin and cyclin D1 in DU145 cells, suggesting that Zey attenuated the activity of the Wnt/β-catenin signaling pathway.
A limitation of the present study was that the effects of Zey were only determined in one cell line of PCa, and therefore future studies should investigate the role of Zey in numerous PCa cell lines. In addition, future studies should investigate the effect of Zey in vivo, which may elucidate a candidate therapeutic agent for the prevention of PCa.
In conclusion, the present study demonstrated that Zey repressed the viability, invasion and migration of PCa DU145 cells in a dose-dependent manner. The suppression of the Wnt/β-catenin pathway was closely associated with the effect of Zey. Therefore, Zey may be a novel therapeutic strategy for the treatment of PCa.
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